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Abstract 

A storage scheme based on racetrack memory, where the information can be coded in a domain or a 

skyrmion, seems to be a valid alternative to hard disk drive for high-density storage devices. Here, 

we perform a full micromagnetic study of the performance of synthetic antiferromagnetic (SAF) 

racetrack memory in terms of velocity and sensitivity to edge roughness by using experimental 

parameters. We find that to stabilize a SAF skyrmion, the Dzyaloshinskii-Moriya Interaction in the 

top and the bottom ferromagnet should have an opposite sign. The velocity of SAF skyrmion and 

SAF Néel domain wall are of the same order and can reach values larger than 1200m/s if a spin-

transfer torque from the spin-Hall effect with the same sign is applied to both ferromagnets.  
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 The advent of a scenario where Cloud Computing and Internet of Things are merged 

together is pushing the research efforts to find a technology that can go beyond the complementary 

metal-oxide semiconductor (CMOS), especially in terms of storage and computing [1]. Spintronics, 

with its subfields, is a promising candidate for that, thanks to the possibility to use the degree of 

freedom of the spin angular momentum in addition to the charge of the electrons. Concerning the 

storage, two different categories of devices are promising, i.e. spin-transfer-torque-MRAMs (STT-

MRAMs)[1–5] and racetrack memories[6–9]. While STT-MRAMs (already on the market) can 

serve as cache memory, or more generally as “universal memory”[1] (low writing energy, high read 

speed, and ideally infinite endurance)[2,5], racetrack memories can be used as worthy alternative to 

hard disk drives (HDDs) in storage memory with the advantage that no mechanical parts are 

necessary[9].  

 Since the first domain wall based racetrack memory presented in Ref. [6], performance 

improvements have been achieved by using materials with perpendicular anisotropy[10,11], spin-

orbit interactions such as spin-Hall effect (SHE)[12,13] and interfacial Dzyaloshinskii-Moriya 

Interaction (i-DMI))[7,8,14,15], and interlayer exchange coupling (IEC)[16,17]. All the previous 

ingredients gave rise to a racetrack memory where the perpendicular anisotropy and the IEC, 

together with the i-DMI, stabilize DWs in synthetic antiferromagnets (SAFs) while SHE drives the 

DW motion at a velocity near 800 m/s[17].  

 Recently, an alternative scheme of racetrack memory based on skyrmions has been proposed 

in Refs. [18–21]. Skyrmions are topologically protected magnetic configurations that can used for 

different applications[22–25]. In particular, in racetrack memories they can directly code the 

information, i.e. the presence/absence of the skyrmion represents the bit “1”/“0”[18]. Skyrmion 

motion in ultrathin ferromagnetic materials has been demonstrated experimentally in extended 

Ta/CoFeB/MgO multilayers[26], and in Pt/CoFeB/MgO[27], where a skyrmion velocity near 

120m/s has been measured. The main technological challenge to be overcome is the experimental 

control of a single skyrmion nucleation by an electrical current and its electrical detection. On the 

other hand, the main fundamental limitations of the skyrmion based racetrack memories are (i) the 

skyrmion Hall effect (two velocity components, parallel and perpendicular to the electrical current 

direction)[21,28] (ii) a transient breathing mode[21] and (iii) velocities well below the ones of DWs 

for a fixed set of physical and geometrical parameters[18]. Lately, it has been shown that these 

issues could be solved by the use of a SAF skyrmion[29], opening a path for a more competitive 

skyrmion based racetrack memory. In that work[29], the tunnelling interlayer coupling was used to 

stabilize the SAF skyrmion[30,31]. Here, we consider the same experimental framework by Yang et 

al.[17] where the IEC is given mainly by the Ruderman-Kittel-Kasuya-Yosida (RKKY) field[32]. 



3 
 

Firstly, we have benchmarked our computations with the experimental data on DWs, and then we 

predicted the performance of SAF skyrmion based racetrack memory considering realistic 

simulation parameters. Our key finding is that skyrmions in a SAF racetrack memory have 

velocities approaching the ones of DWs. We also show that a skyrmion based SAF racetrack 

memory is less sensitive to edge roughness – an important category of defects in narrow nanotracks 

– than their DW counterpart, as long as the skyrmion motion occurs far from the edges. 

 

 We perform micromagnetic simulations of a similar multilayered nanowire proposed in Ref. 

[17], composed of a 3 nm thick Platinum heavy metal (HM) with on top two perpendicular CoNi 

ferromagnets separated by a thin Ruthenium (Ru) layer, designed to provide an antiferromagnetic 

coupling[32] (see Fig. 1(a)). The nanowire is 100nm wide and 1000nm long and the thickness of 

both ferromagnets and Ru layer is 0.8nm. The physical parameters of CoNi layers from[16,17], 

equal for both ferromagnets, are: saturation magnetization Ms=600kA/m, exchange constant 

A=20pJ/m, perpendicular anisotropy constant ku0.6MJ/m
3
, and damping G=0.1. The interlayer 

exchange coupling constant A
ex

 is fixed to -5.0x10
4
J/m

2
[16,17]. We use a discretization cell of 

4x4x0.8nm
3
, and introduce a Cartesian coordinate system with the x-, y- and z- axes lying along the 

length, the width and the thickness of the wire, respectively (see Fig. 1(a)). The numerical study is 

carried out by means of a self-implemented micromagnetic solver[33,34] that includes the STT, 

SHE, i-DMI and interlayer exchange coupling (IEC). 

 The micromagnetic energy density of the IEC is: 

 

22 2

yex ex x z
mm m

A
z z z


      
       

       

                                       (1) 

where mx and my are the x- and y-components of the normalized magnetization, respectively. The i-

DMI energy density is  i DMI z zD m m       m m [21,35,36], where mz is the z-component 

of the normalized magnetization and D the parameter taking into account the intensity of the i-DMI. 

The boundary conditions related to the i-DMI are  
1

ˆ
d

z
dn 

  
m

n m [21,35,36], where n is the unit 

vector normal to the edge and 
2A

D
   is a characteristic length in presence of the DMI. In our 

framework, we define an i-DMI parameter D
L
 for the lower ferromagnet and D

U
 for the upper 

ferromagnet, therefore we introduce the i-DMI ratio -D
U
/D

L
 to identify the value of D

U
 by fixing 
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D
L
. The negative sign of the i-DMI ratio -D

U
/D

L
 is necessary to ensure the same chirality for the top 

and bottom skyrmions or domain walls stabilized by the IEC.  

 The symmetry breaking due to the lower heavy metal-ferromagnet interface produces the 

lower i-DMI, while the upper i-DMI can have different origins as claimed in Ref. [17] (i.e., lower 

HM or the Ru layer), as well as deriving from an upper HM (Pt, Ir, Ta, etc..) (see Fig. 1(a)). 

 

 In order to compare the velocity-current relations of skyrmion and domain wall based SAF 

racetrack memories, we have studied the stability diagram of those solitons as a function of the 

lower i-DMI parameter and the i-DMI ratio. Here, the aim is to find a region where both SAF DWs 

and skyrmions are stable.  

 Fig. 1(b) depicts the results for the DWs computed by considering a Néel Domain Wall as 

initial state of the simulations. Three regions can be observed (i) Néel Domain Wall (NDW) (ii) 

Tilted Domain Walls (TDW) and (iii) uniform antiferromagnetic state (AF). The NDW region is 

characterized by the stabilization of two right-handed NDWs (see snapshot S3 above Fig. 1(b)). In 

this region, as D
L
 increases, the DWs width increases too, until, for D

L
=4.0mJ/m

2
 and -D

U
/D

L
=0.2, 

the very high i-DMI induces the extension of the length of the DWs, which turn into NDWs 

oriented along the y-direction.  

 The second region is characterized by the presence of Tilted Domain Walls (TDW, see 

snapshot S2 above Fig. 1(b)), where the upper TDW points along the –x-direction, and the lower 

one is a Dzyaloshinskii DW (DDW) (intermediate configuration between Néel and Bloch DW), 

similar to the DDWs already observed in monolayer tracks.[37] The DW tilting and the different 

orientation of the inner magnetization of the two DWs have different origins. The former is linked 

to the i-DMI boundary conditions; in fact, it is no longer observed when the boundary conditions 

are removed. This occurs because the only source of asymmetry is given by the i-DMI boundary 

condition. The latter is related to the trade-off between the i-DMI energy and the interlayer 

exchange one. For D
L 

values up to 2.0mJ/m
2
, the IEC is the dominant term, whereas the positive D

U
 

is not large enough to stabilize a Néel DW with negative direction. Therefore, opposite-oriented 

DDWs  are obtained in both layers (see snapshot S1 above Fig. 1(b)), whose magnetization 

distribution minimizes the interlayer exchange energy. When D
L
 is increased, the i-DMI energy 

becomes larger, leading to a Néel DW with negative direction in the upper layer and a DDW in the 

lower layer (see snapshot S2 above Fig. 1(b)). This configuration is not a minimum for the interlayer 

exchange energy; in fact, both DWs are characterized by a negative x-component of the 

magnetization.  
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 In the third narrow region, obtained for D
L
>2.5mJ/m

2
, we observe the existence of the 

uniform antiferromagnetic state (AF). Here, the upper DW is characterized by a non-uniform 

distribution of the magnetization along its length, leading to an unstable DW, which is then 

expelled. 

 Fig. 1(c) shows the stability diagram for skyrmions, where three different regions can be 

also identified. The first region is characterized by the uniform antiferromagnetic state (AF), which 

is obtained both for positive low values of D
L
 and positive i-DMI ratios, where the i-DMI is not 

large enough to stabilize skyrmions, as well as for negative i-DMI ratios. In the latter, the negative 

D
U
 would stabilize an upper skyrmion with the same chirality of the lower one, but this is forbidden 

by the IEC.  

 The second region involves skyrmions (Skx), which are achieved for positive values of the 

i-DMI ratio and when D
L
 is large enough (D

L
>2.3mJ/m

2
). This threshold i-DMI value for the 

skyrmions stabilization is the first important difference with respect to the framework of DWs. The 

lower skyrmion core is oriented in the negative z-direction, its DW spins point outward and the 

surrounded ferromagnetic phase is along the positive z-direction. The upper skyrmion has an 

opposite orientation of the spins (core along the positive z-axis and inward DW spins) and the 

ferromagnetic phase points downward (-z-axis) (see snapshot in Fig. 1(c)). The minimum i-DMI 

ratio to stabilize skyrmions decreases with D
L
, up to 0.2 when D

L
=4.0mJ/m

2
.  

 The third region, obtained when the i-DMI is very high (D
L
>3.2mJ/m

2
), shows the 

stabilization of extended skyrmions (ES), which involve the whole length of the strip. In this case, 

the large i-DMI promotes the expansion of the skyrmions, and, because of the magnetostatic 

confinement from the lower and upper boundary, this expansion occurs along the length of the strip 

and is linked to the bimeron instability (see the inset of Fig. 1(c))[38].  

 The comparison between the two diagrams leads to the following results: 

- Skyrmions are obtained only for positive values of the i-DMI ratio, while DWs are 

also stable for negative ones. However, over a threshold i-DMI ratio, which depends 

on D
L
, DDW are stabilized; 

- A region where both skyrmions and DWs are stable exists, enabling their comparison 

by using the same set of parameters. In particular, for the dynamical analysis, we will 

focus on two scenarios, corresponding to the points A (D
L
=2.5mJ/m

2
, -D

U
/D

L
=1.0) 

and B (D
L
=3.5mJ/m

2
, -D

U
/D

L
=0.4) indicated in the diagrams; 

- In those regions, the presence of either skyrmions or DWs depends on the nucleation 

process. In details, if the spin-current is locally injected, skyrmions will be 

stabilized[29]. 
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 Before beginning the dynamical analysis, it is important to underline that the presence of 

two HMs gives rise to a lower and upper SHE when an electric current is passed through them. This 

allows us to introduce two spin-Hall angles 
L

SH  and 
U

SH , for the lower and upper ferromagnet, 

respectively.  

 

 We start the dynamical study by analyzing a SAF racetrack similar to the one proposed in 

Ref. [17], where the lower ferromagnet is coupled to a Pt HM, and no upper HM is considered. We 

focus on the NDW region (as reported in Fig. 1(b)) by using state of the art values of D
L
=2.5mJ/m

2 

[27,39–41] and considering three different i-DMI ratios equal to 0.0, 0.4, and 1.0. We also take into 

account the effect of the edge roughness as computed by the algorithm developed in Ref. [42], and 

consider two different patterns of edge roughness for the lower and upper ferromagnet obtained by 

randomly removing regions from the strip edges with a uniform probability distribution 

characterized by the typical roughness size DG. In our study, we consider a DG=12nm[43] averaging 

the results of velocity over five spatial distribution of edge roughness. The electrical current jHM is 

injected along the x-axis via the lower HM in order to originate the SHE only for the lower 

ferromagnet, with 
L

SH =0.06[44]. 

 Fig. 2 shows the results of this study, where the curve with blue stars in Fig. 2a are the data 

coming from [17], which have been chosen as reference. As expected, the lower and upper DW 

move tied along the x-direction because of the IEC (see Supplemental  MOVIE 1 and 2 for 

jHM=1.50 and 3.25x10
8
A/cm

2
, respectively). The velocity-current relation (v indicates the velocity 

along the x-axis) is independent of the i-DMI ratio, being the three numerical curves overlapped. A 

threshold current is necessary to move the DWs (|jHM|>0.75x10
8
A/cm

2
), as also experimentally 

seen, which is due to the pinning effect from the edge roughness (see Supplemental MOVIE 3 for 

jHM=0.50x10
8
A/cm

2
). While moving, the DWs are characterized by a spatial titling of the profile 

which has been also observed in the experiments. The tilting angle of the profile reverses 

symmetrically with the sign of the current (see, for comparison, Fig. 1b in [17]), and is robust to 

edge roughness (compare Supplemental MOVIE 1 and 4, the latter obtained for a perfect SAF and 

jHM=-1.50x10
8
A/cm

2
). Our simulations point out that the DW tilting is basically due to the effect of 

the i-DMI boundary conditions only[45], as described above for the static case. In fact, when the i-

DMI boundary conditions are neglected, the DWs profile keeps straight (see Supplemental MOVIE 

5 for a perfect SAF without i-DMI boundary conditions and jHM=-1.50x10
8
A/cm

2
). In addition, as 

the i-DMI ratio increases, the tilting angle reduces for a fixed value of the current (see 

Supplemental MOVIE 6 for a perfect SAF, jHM=-1.50x10
8
A/cm

2 
and -D

U
/D

L
=1.0), i.e. a larger 
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current is necessary to obtain the tilting. From this analysis, we can conclude that the numerical 

outcomes are in very good agreement with the experimental findings.  

 

 Once the micromagnetic scenario has been benchmarked against the experimental results, 

we focus on the DWs and skyrmions motion related to the points A and B of Figs. 1(b) and (c). We 

start to study the dependence of the velocity-current relation for DWs as a function of 
S H

U  for a 

fixed 0.06
S H

L 
 
in point A.  

 For 0
S H

U  , the velocity-current relation is linear and the magnitude of the maximum 

velocity is 955 m/s (Fig. 3(a) red curve with squares). The reason of such large velocity is the IEC 

torque that is opposite to the SHE torque, allowing for the injection of larger currents before 

reaching the Walker limit (as well explained in Ref. [17]). Differently from Fig. 2, here no threshold 

current to move the DWs is observed, because of the absence of the edge roughness and/or other 

type of defects. At large current, the DW spatial profile is tilted during the motion  and the achieved 

velocity is slightly larger (for example, when jHM=3.00x10
8
A/cm

2
, v=840m/s and 782m/s in a 

perfect and rough strip, respectively).  

 For 
S H

U  equal to 0.03 and 0.06 (Fig. 3(a) black curve with circles, and olive curve with up 

triangles, respectively), the velocity grows proportionally due to the simultaneous action of the 

lower and upper SHE. The non-linear behavior found for 
S H

U =0.06 at high current 

(|jHM|>2.00x10
8
A/cm

2
) is given by the tilting of the DWs inner magnetization towards the spin-

polarization direction (y-axis), leading to a reduction of the effective torque acting on the DWs.  

 For negative 
S H

U  (Fig. 3(a) blue curve with down triangles, 0.03
S H

U   ) the velocity 

decreases. In this case, the upper SHE acts as a “brake” in slowing down the DWs motion. If 
S H

U  is 

exactly the opposite (-0.06, not shown), the two SHE torques exactly balance each other and the 

DWs do not move. This analysis leads to the key conclusion that the SHE from the upper HM 

introduces a further degree of freedom to optimize the DWs motion. Fig. 3(b) shows the velocity-

current relation related to the configuration of point B, compared with the one of point A. No 

significant changes are observed. 

 

 The same study (point A and B) is carried out for SAF skyrmions. The two skyrmions move 

tied and exhibit neither skyrmion Hall effect, i.e. the component of the velocity (y-axis) 

perpendicular to the electrical current direction (x-axis)[29], nor the transient breathing mode 

observed in Ref. [21]. Within a collective approach, the total skyrmion number is zero, as already 
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predicted and described in Ref. [29]. Therefore, in the Thiele’s equation[21,46], the “gyrocoupling 

vector”  0,0,4 SG =  is zero, with S being the skyrmion number[21]. The analysis of the 

influence of the spin-Hall angle leads to the same conclusions as for DWs (Fig. 4(a) and (b)). 

However, a main difference exists: the skyrmions motion is not affected by the edge roughness, as it 

can be seen by the comparison shown in Fig. 4(c) (see Supplemental MOVIE 7 for the comparison 

of skyrmion motion in the lower ferromagnet of a perfect and rough track, respectively, for 

jHM=1.50x10
8
A/cm

2
). This is a very important result, which makes SAF skyrmion racetrack 

memory more promising than the one based on a single ferromagnet, where the presence of the 

skyrmion Hall angle leads inevitably skyrmions to interact with the edge roughness.  

 

 We dedicate the last part of this work to the comparison of DWs and skyrmions motion. 

First of all, we study a racetrack memory made by only one ferromagnet coupled to a heavy metal, 

by considering typical physical and geometrical parameters, as described in the Scenario B of Ref. 

[21]. Fig. 5(a) shows the results of this study, highlighting that DWs are faster than skyrmions for 

the whole current range, with a velocity gap larger than 300m/s for |jHM|>15MA/cm
2
. 

 For the comparison in SAF, we focus again on the points A (D
L
=2.5mJ/m

2
,-D

U
/D

L
=1.0, see 

Fig. 5(b)) and B (D
L
=3.5mJ/m

2
, -D

U
/D

L
=0.4, see Fig. 5(c)), where only the SHE in the lower 

ferromagnet is taken into account. The DWs velocity is still larger than the skyrmions one.  

 Now, we move to a more realistic scenario, by considering the edge roughness for the case 

A (see Fig. 5(d)). At low currents, when the DWs are pinned, the skyrmions are faster (see 

Supplemental MOVIE 8 for the comparison of DW and skyrmion motion in the lower ferromagnet 

of a rough track, for jHM=0.50x10
8
A/cm

2
), whereas, for current values up to 2.00x10

8
A/cm

2
, their 

velocities are quite similar. When |jHM|>2.00x10
8
A/cm

2
, the DWs velocity is larger (see 

Supplemental MOVIE 9 for the comparison of DW and skyrmion motion in the lower ferromagnet 

of a rough track, for jHM=3.25x10
8
A/cm

2
). However, in this region, the velocity gap between DWs 

and skyrmions is reduced to less than 200 m/s. This is another key result of our study. 

 

 In summary, we have studied a SAF racetrack memory based on both DWs and skyrmions. 

The static analysis has pointed out that, while Néel DWs can be stabilized in a large range of i-DMI 

ratio (including the case of zero upper i-DMI), skyrmion can be obtained only if the upper i-DMI is 

large enough. This result entails that, by considering state of the art parameters, it is necessary to 

couple the upper ferromagnet to an upper HM. 

 For the motion driven by SHE, the presence of an upper HM introduces an additional degree 

of freedom for controlling both DWs and skyrmions motion, allowing one to increase/reduce the 
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velocity if the two spin-Hall angles have same/different sign. Finally, the comparison of DWs and 

skyrmions in a track with edge roughness has shown that (i) skyrmions velocity can approach the 

DWs one in SAF racetrack memories, and (ii) a SAF skyrmion, being not subject to the skyrmion 

Hall effect, is insensitive to the edge roughness. 
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FIG. 1. (a) Sketch of the SAF under investigation, where both ferromagnets are coupled to a heavy metal. (b) and (c) 

equilibrium configurations of the magnetization as a function of the lower i-DMI parameter DL and the i-DMI ratio for 

DWs and skyrmions, respectively. The acronyms TDW, NDW, AF, Skx, and ES mean Tilted Domain Walls, Néel 

Domain Walls, AntiFerromagnetic state, Skyrmions, and Extended Skyrmions, respectively. Point A and B in (b) and 

(c) refer to the set of parameters considered for the study of skyrmions and DWs motion. The insets in (c) represent an 

example of the spatial distribution of the magnetization for the regions indicated by the black arrows. The snapshots 

above (b) represent an example of the spatial distribution of the magnetization corresponding, respectively, to the points 

S1, S2, and S3 of (b). A color scale linked to the z-component of the magnetization is also illustrated.  

 

FIG. 2. Comparison of the numerical velocity-current relation with the experimental one (Figure 2a, blue stars in Ref. 

[17]). The numerical results are obtained for a fixed DL=2.5mJ/m2, and for three different i-DMI ratios, as indicated in 

the legend. The edge roughness is included in both ferromagnetic layers using the algorithm developed in Ref. [42] by 

using Dg=12nm. The results are averaged over 5 different edges distributions.  

 

FIG. 3. DWs velocity-current relation in (a) point A of Fig. 1(b) (DL=2.5 mJ/m2, -DU/DL=1.0), when
S H

L  is fixed to 

0.06 and 
S H

U  is changed as indicated in the main panel, and (b) point B of Fig. 1(b) (DL=3.5mJ/m2, -DU/DL=0.4) 

compared with the case A. 

 

FIG. 4. Skyrmions velocity-current relation in (a) point A of Fig. 1(c) (DL=2.5mJ/m2, -DU/DL=1.0), when
S H

L  is fixed 

to 0.06 and 
S H

U is changed as indicated in the main panel, (b) point B of Fig. 1(c) (DL=3.5mJ/m2, -DU/DL=0.4) 

compared with the case A, and (c) point A, when
S H

L is fixed to 0.06 and 
S H

U =0.00, with (bicolored green curve with 

stars) and without (red curve with squares) edge roughness. 
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FIG. 5. Comparison between the velocity-current relation of DWs and skyrmions in (a) racetrack memory made by only 

one ferromagnet coupled to a heavy metal, (b) SAF in point A (DL=2.5mJ/m2, DU/DL=1.0), (c) SAF in point B 

(DL=3.5mJ/m2, DU/DL=0.4), and (d), SAF in point A including edge roughness. All the results are obtained for 
S H

L

=0.06 and 
S H

U =0.00.  
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